Introduction
Today, engine designers are seeking every kind of solution aimed at the reduction of fuel consumption and emission levels.
Cycle by cycle variation in combustion significantly influences the performance of spark-ignition engines [1, 2] .
In a spark-ignition engine the operating spark timing is set for the average cycle, thus the cycles that burn faster than average have effectively over advanced spark-timing, while the slow burning cycles are ignited too late. Only a few cycles burn with the optimum spark-timing, thus resulting in a loss of power and efficiency.
The extremes of the cyclic dispersion limit engine operation. The fastest burning cycles, which are ignited too early, are most likely to knock at full load; these cycles determine the use of a higher octane rating or an engine with a lower compression ratio. At partial load, the slowest burning cycles are most likely to burn incompletely, determining an unacceptable loss of efficiency and high levels of unburnt hydrocarbons. As the mixture becomes leaner with excess air or more diluted with a higher exhaust gas residual fraction, the cycle to cycle dispersion increases, thus these cycles determine the lean mixture limits or the amount of exhaust gas recirculation which the engine can tolerate.
Finally, variations in combustion lead to different amounts of work per cycle correlated with fluctuations in the engine speed, or its torque output, which directly relate to vehicle driveability.
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If cyclic dispersion could be eliminated, the engine efficiency could be largely increased especially when it operates with weak mixtures [2] .
It is widely accepted that the early flame development deeply influences the subsequent combustion phase [3] . Many authors [2, 4, 5] consider the ignition delay stage as the most important phase for the overall cyclic dispersion in the engine performance.
The formation of the flame kernel and the following flame growth through a laminar like phase depend on: the local air fuel ratio, the mixture motion and the exhaust gas concentrations in the spark plug gap at the time of ignition and in the spark plug region immediately after ignition.
Cyclic variations occur because the bulk flow, turbulence, residual amounts and gasoline supplied to each cylinder vary from cycle to cycle. Moreover, within the cylinder, the mixing of air fuel and exhaust gas residuals is not complete, therefore the mixture is not homogeneous at the spark time. The turbulent nature of the flow in the cylinder causes random spatial and time-dependent fluctuations in the variables characterising the mixture and its flow field. These fluctuations cause a random value of the mixture concentration in the spark plug region, a random convection of the spark kernel away from the electrodes, a random heat transfer from the burning kernel, etc. [5, 6, 7] . In particular, the random displacement of the flame kernel during the early stages of combustion seems to play a major role in the origination of cycle variation in combustion [8] .
Moreover, even if many factors do not cause cyclic variation, they determine the sensitivity of the engine to the factors which give origin to the phenomenon. For example, the overall weakness of the mixture [9, 10, 11, 12] , the spark plug and the sparktiming [13, 14] and the in cylinder mixture motion [15, 16, 17] do not cause cyclic dispersion in combustion themselves but affect the extent of cyclic variation caused by other factors. The conclusion seems to be that anything that tends to slow down the flame propagation process, especially in its development stage, tends to increase the cyclic dispersion in combustion.
The numerical modeling of the complex phenomena taking place in the S.I. engine gives rise to a lot of data which are difficult to achieve using experimental tests; CFD A small spark-ignition engine has been tested by changing the combustion chamber shape in a few operating points at part load. The engine behavior has been simulated by means of CFD calculations. Of course these numerical analyses cannot provide information about cyclic fluctuations, but CFD simulations have been used to calculate the mean value in the ignition zone at the ignition time of the main features that affect the early stages of flame development.
Experimental Approach
A spark-ignition engine using three different shapes of the combustion chamber has been considered. Almost half of the combustion chamber is realized inside the cylinder head. In Figure   1 , the three geometries, called Geo A, Geo B and Geo C, have been reported. They are characterized by decreasing values of both the squish area and the volumetric compression ratio (Table 1) . The squish area is concentrated on the opposite side of the spark-plug and it has been varied by modifying the portion of the engine head close to the exhaust valve. As can be observed in Figure 
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For each geometry, spark advance has been adjusted to MBT, the air-fuel ratio has been set stoichiometric. The mixture has been formed by an open valve injection that starts at the top dead center of the suction stroke.
Three measurements have been done in the operating points shown in Table 2 ; in each measurement 700 engine cycles with a 0.5 crank angle sampling frequency have been acquired. Data has been measured only when the exhaust gas temperature was constant.
As a measure of cyclic variability, the coefficient of variation in indicated mean effective pressure has been derived from pressure data. To highlight the effect of the cyclic variation in combustion, only the work delivered to the piston over the compression and expansion strokes has been considered; therefore the coefficient of variation is calculated like the standard deviation of the indicated mean effective pressure (IMEPh) calculated between the intake valve closing and the exhaust valve opening, divided by the mean IMEPh (Eq.1).
The results obtained for each head shape are shown in Table 3 . They are the mean values calculated on the basis of the three different measurements done for each operating point. In each considered case the difference between the acquired COVs and the relative mean value is less than 4%.
The measured COV is always less than 5%, i.e. less than the upper limit tolerated in power generation and for driveability reasons in automotive applications. As usual the higher COV have been measured when the engine runs at minimum load.
Numerical Approach
Multidimensional numerical techniques, in which the complex phenomena taking place in an engine are solved by using a space-resolved numerical technique, have become an essential tool in improving the knowledge of phenomena and in indicating specific optimal solutions.
The Direct Numerical Simulations (DNS) approach allows solving the full NavierSokes equations by computing all the turbulence scales explicitly. In this sense, DNS appear as exact numerical experiments which are able to reproduce the finest details of turbulence and turbulence-related phenomena [7] . Unfortunately, according to the equilibrium theory of Kolmogorov, grid spacing and time steps, capable of following the vortex dynamic in the spatio-temporal development of turbulent flows, should be 6 proportional to
for the length scale and Despite the various modifications proposed to extend the validity of this model (the RNG theory [23] as example), the limits of the k-ε approach are well know; in particular the little accuracy in solving flows with separated or curved streamline, bulk compression etc. [24] . Besides, the obtained results depend on the values assigned to the various empirical constants that appear in the turbulent model; often setting of these 7 constants is not clearly established [24, 25] . Nevertheless, considering its stability, computational speed and general applicability to a wide range of flows, the k-ε model remains a good compromise between calculation efficiency and accuracy of the solution.
Although large-eddy simulation techniques are becoming more viable as computing power increases [26] , the k-ε model (i.e. the first order approach) is likely to remain the more used approach by the industrial researches [25] .
The numerical approach adopted in this paper has been described in detail in [27, 28] .
Briefly, CFD simulations, which reproduce the suction stroke and the subsequent compression stroke, have been performed by means of the 7.3 standard release of the 3-D AVL FIRE code [29, 30, 31] . The processor allows solving the ensemble-averaged governing equations of the flow and the heat transfer within the computational domain.
The partial differential transport equations are discretized on the basis of a finite volume method.
The problem of the unknown turbulence correlation is resolved through a k-ε approach.
To take into account the non-uniformity of the mixture concentration characterizing the port injection engines, a spray model is used to simulate the mixture formation. This model is based on the well-established Lagrangian discrete droplet method [32] .
This solves ordinary differential equations for the trajectory, momentum, heat and mass transfer of single droplets, each being a member of a group of identical non-interacting droplets (parcel). Thus, one member of the group represents the behaviour of the complete parcel; trajectory and velocity of the droplet parcel are calculated by means of the Newton law considering the action of both the drag force and the gravitational force.
The spray behaviour is calculated considering evaporation, turbulent dispersion, wall interaction and break-up phenomena.
The O'Rourke [33] method has been used to consider the turbulent dispersion caused by the interaction between droplets and turbulent eddies. The characteristic break-up time and the stable drop radius of droplets are calculated by means of the wave approach proposed in [34] .
The wall interaction is based on the on the spray/wall impingement model of Naber and Reitz [35] based on a critical Weber number. The droplet diameter after the impingement is considered depending on the Weber number and is calculated according to the Walljet2 approach described in [31] .
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The injection rate, the spray cone and the initial distribution of the Sauter mean diameter have been assumed according to both injector characteristics and fuel supply pressure.
The combustion chamber and the intake port have been meshed for each geometry.
Dynamic grids, which are able to follow piston and valve movements, have been generated using hexahedral cells. They have about 25000 cells as a minimum and about 130000 cells as a maximum (Figure 2 ).
Mesh distribution has been defined thus to produce cells as regular-shaped and orthogonal as possible, even though engine geometry do not allow to obtain the right grid quality in the whole domain. The greatest care was used to well reproduce the exact surface geometry and to correctly discretize the valve gap during the valve movement.
The mean grid resolution has been chosen considering that the numerical solution of the Navier-Stokes equations becomes more and more accurate if the grid is refined, but considering also that the Lagrangian liquid phase approach is based on the assumption that the volume of the liquid droplets inside the cell must be very small compared to the cell volume. 
MODELING RESULTS
By means of CFD calculations the ensemble-average values of the residual gas mass fraction (EGR), the gaseous air-fuel equivalence ratio (φ), the turbulent intensity (u') and the other features of the charge in the ignition zone have been calculated at the spark time.
In particular, the mean values in a 5 mm radius sphere, centered at the spark-plug, have been considered. The size of the control sphere has been chosen considering both the size of the spark-plug electrodes and the need to have a meaningful number of cells, about 75, in order to average out the considered parameters. However a sensitivity study has been performed considering both a sphere radius equal to 3 mm and a sphere radius equal to 7.5 mm; the differences between the calculated mean values range from 0% to 8%. The larger difference has been found relatively to the velocity magnitude calculated for the GEOC, 1500@1 case.
The calculated mean values are shown in Table 4 . At the spark time the distribution of both the residual gas and the fuel vapor concentration in the cylinder is non homogenous (figure 4).
At 1500 rpm and BMEP equal to 1 bar, the spray behavior causes rich mixtures in the spark plug zone for each considered geometry, even though the engine is running with an overall stoichiometric mixture; instead a 3000 rpm and BMEP equal to 3 bar lean mixtures have been calculated in the spark region.
In Figure 5 the measured covariance of IMEPh has been plotted versus the air equivalence ratio, the turbulent intensity and the mean velocity calculated in the spark region at the spark time.
It is worth to notice that the cases characterised by the higher values of measured coefficient of variation in IMEPh show:
10 -calculated equivalence ratios do not close to the stoichiometric value. This is reasonable because the highest burning speed is achieved in stoichiometric or slightly enriched mixtures;
-the lower calculated turbulent intensities. Actually, this trend agrees with several studies in which it has been shown that increasing reasonably the level of turbulent kinetic energy allows obtaining quick flame kernel growth and consequently improve the combustion stability [6, 16] ;
-mean velocities outside the range that in [38] is suggested as optimal to minimize the combustion dispersion.
Considering that cyclic variation is increased by anything that tends to slow down the early combustion process, it is interesting to evaluate the behavior of the laminar flame speed calculated in the spark zone at the spark time.
The laminar burning velocity is an intrinsic property of the mixture and it is a function of the equivalent ratio, pressure and temperature of the reactants. For a gasoline-air mixture diluted by the exhaust, the laminar flame speed is calculated according to [1]:
where is the mole fraction of diluent burnt gas. S l is calculated by means of equation (3), with and depending on the equivalence air-gasoline ratio (equations (4), (5)), while S l0 approximates the laminar flame speed at reference conditions (equation (6)). RANS calculations allow to appreciate the mean value of the laminar flame speed to consider the influence of the termochemical properties of the charge, while the flow field influence can be considered by means of the mean flow velocity, the mean turbulence intensity and the mean value of the integral length scale. As the calculated length scale do not show meaningful differences between the considered cases, this parameter has been neglected.
Considering the laminar flame speed, the magnitude of the mean velocity and the turbulent intensity in the spark region at the spark time as factors that affect the turbulence occurrence, it has been assumed that the coefficient of variation in IMEPh could be described by means of the following relationship:
where c, x, y and z are unknowns. Equation 7 can be written as:
Equation 8 
The correlation index found is: R 2 =0.61; according to [39] , it has been calculated by considering:
where COV M is the mean value of the measured coefficients of variation, while the subscript j refers to each examined cases.
The correlation index is not high; but equation 9 considers only the parameters, appreciable by means RANS analyses, that affects the cyclic variation of the engine.
The cyclic fluctuations that determine this phenomenon are not considered. In such sense the equation 9 seems to explain about the 60% of the measured cyclic variation.
Despite the calculated value of the correlation index is not high, the deviation between calculated and measured data is acceptable; the maximum error is 20% with regard to Case 3000@3, GEOA; the mean error is less than 10%. Cyclic fluctuations occur during the whole combustion process. In each point of the combustion chamber, the mean factors that determine the local burn rate will change randomly from cycle to cycle causing local rise or local decrease of the flame speed.
During the turbulent combustion phase, large flames will be able to integrate these local fluctuations of the burn rate; instead, during the early stage of the combustion, both the flame kernel or the small flame do not have the chance of averaging out these random occurrences.
For the three geometries, the higher COVs have been measured when the engine runs at minimum load. Correspondently in the spark-zone at the spark time, the minimum values for both the laminar flame speed and the turbulence intensity have been calculated. In this case the flame kernel grows slowly, thus it is more subject to the cyclic fluctuation occurrence.
At 2000 rpm and BMEP equal to 2 bar, the cyclic variation decreases because of the rising of both the laminar flame speed and turbulence intensity that make faster the early part of combustion.
At 3000 rpm and BMEP equal to 3 bar, the mixtures do not close to the stoichiometric value slowdown the laminar flame speed in the spark-zone at spark-time, especially for the GEO C geometry. For the GEO A and GEO B geometries, the large rising of the turbulent intensity seems to be able to overcome this occurrence producing a yet more stable combustion.
Conclusions
Although the RANS approach does not allow to grasp the causes which determine combustion instability, it allows to investigate the factors which influence the extent of cyclic variation in the internal combustion engine.
With regard to the engines investigated in this paper, CFD calculations show that the operating points characterized by high cyclic dispersion are characterized by mixtures do not close to the stoichiometric values, low turbulent kinetic energies and very low charge velocities in the spark region at the spark time.
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The laminar flame speed, turbulence intensity and velocity magnitude have been considered among the factors that affect the extent of the engine cyclic variation. The influence of these parameters has been investigated.
Correlating these features of the charge with the measured coefficient of variation in the indicated mean effective pressure, a mathematical relationship has been obtained by means of a multiple regression.
This relationship highlights the influence of the considered factors on the extent of the cyclic variation measured in the considered cases: increasing both the laminar flame speed and the turbulence intensity, in the spark-zone at the spark-time, the coefficient of IMEPh decreases; in the considered cases the mean charge velocity slightly affects the phenomenon.
Actually, considering the weight of the early stage of the combustion, the calculated mean values of both the laminar flame speed and the turbulence intensity explain the trends of the measured COVs.
Therefore the analysis described in this paper seems to be able to provide guidelines for reducing the cyclic variation of the engine under examination. Thus RANS calculations can be an important tool in indicating optimal solutions regarding the development of this engine in using high EGR ratio or very lean mixtures, i.e. in operative conditions where the combustion stability determines the weak mixture limit tolerable by the engine. 18 Table 4 Mean values computed in the spark-plug region at the spark time. Table 5 Mean laminar flame speed computed in the spark-plug region at the spark time. 
